[1] Source parameters for eight large deep earthquakes are inferred from broadband data of the Global Seismograph Network. We completed an unprecedented data set composed of 14 largest deep earthquakes (M w ranging from 7.0 to 8.3) from six different subduction zones studied with identical source parameter inversion methods. The study confirms earlier findings that deep earthquake source properties vary with the temperature of the subducting plate. Events in cold slabs show high aftershock activity, high rupture velocity, and high seismic efficiency. In contrast, earthquakes in warm slabs generally have low aftershock productivity, low rupture velocity, and low seismic efficiency. However, the 23 June 1991 Argentina event has source properties that are rather characteristic for earthquakes in cold slabs, and that differ from those of other large South American events. We suggest that two types of deep earthquakes occur in South America, and we interpret these results in the context of the shear instability model for the mechanism of deep earthquakes. In this model, shear failure occurs through a thermal runaway mechanism within a shear zone at great depth, and low seismic efficiency might indicate significant energy dissipation due to heating and possible melt production. The 1991 Argentina event, located in a pocket of deep seismicity within the slab core, may represent a shear instability with little melting as would be the case for large deep earthquakes in cold subduction zones, whereas the other known South American large deep events such as 1963 Peru, 1970 Colombia and 1994 Bolivia, are located in relatively aseismic regions and may involve significant melting within warmer regions of the slab.
Introduction
[2] Since the discovery of deep earthquakes about 80 years ago, the explanation of faulting at depths greater than about 100 km remains one of the most challenging task in seismology, and therefore, a topic of controversial debate.
[3] Several mechanisms have been proposed to explain deep earthquakes. These models include shear instabilities [Griggs and Baker, 1968; Ogawa, 1987; Hobbs and Ord, 1988] , dehydration of hydrous minerals carried down to great depths [Raleigh and Paterson, 1965; Meade and Jeanloz, 1991] , the reactivation of faults that were established when the subducting lithosphere was near the Earth's surface , and the direct transformation of metastable enstatite to ilmenite [Hogrefe et al., 1994] . A mechanism that attracted much attention has been the transformational-faulting associated with the sudden transition from metastable olivine to spinel if the transformation is kinetically delayed in cold subducting plate [Kirby, 1987; Green and Burnley, 1989; Kirby et al., 1991] . The zone of metastable olivine is expected to become thinner with depth as the slab heats up and olivine transforms to spinel structure. Temperature profiles for realistic models of the subduction process imply a narrow metastable olivine wedge of about 5 -15 km wide, perpendicular to the subducting plate, imposing limits to the source dimensions of ''transformational earthquakes.''
[4] The origin of deep earthquakes became again an intriguing topic since the occurrence of the 1994 great Bolivian and the 1994 Fiji-Tongan deep events. Both earthquakes showed a cross-slab extent of about 40-50 km [e.g., Kikuchi and Kanamori, 1994; Estabrook and Bock, 1995; , larger than the expected widths of metastable olivine wedge in an undeformed slab, thus ruling out transformational faulting as the (sole) causative process.
[5] On the basis of the unusual characteristics of the 1994 Bolivian earthquake (low rupture velocity, low seismic efficiency and high static stress drop), Kanamori et al. [1998] suggested that shear-induced melting may control the rupture process of deep earthquakes. These authors argue that after rupture is initiated by some triggering mechanism, melting occurs and promotes extensive sliding, which results in an exceptionally large deep-focus earthquake such as the Bolivian event. This hypothesis is supported by the properties of the large historical deep earthquakes from South America that are similar to those of the 1994 Bolivia event [Estabrook, 1999] . However, other large deep earthquakes do not show the same characteristics as these events, as pointed out by Wiens [1998a] . Thus, shear-induced melting may control only the rupture process of large South American deep earthquakes. In fact, as we show in this study, the rupture characteristics of deep earthquakes are temperature dependent [Wiens and Gilbert, 1996; Tibi et al., 1999; Estabrook, 1999; Wiens, 2001] . Events from warm subduction zones like South America show generally low rupture velocity, low seismic efficiency, high static stress drop and low aftershock activity. In contrast, earthquakes from cold slabs like beneath FijiTonga, Flores Sea and Mariana are characterized by high rupture velocity, high seismic efficiency, moderate stress drop and high aftershock activity.
[6] The key for understanding of the faulting process at great depths is precise constraints on earthquake source parameters. This requires thorough investigation of a sufficient number of deep events, and their comparison in order to evaluate the similarities and differences of their characteristics. However, this task is complicated by two factors: (1) Since the rupture parameters for small events are difficult to resolve, only large deep earthquakes that occur rarely can provide reliable data. (2) For the few large events available, a reasonable comparison is generally not possible because the source parameters are often inferred from different studies, whose results differ in details for a given event depending on the methods used.
[7] Eight large (M w ! 7.0) deep earthquakes for the period since 1991, with sufficient numbers of high quality broadband recordings from the Global Seismograph Network are investigated (Table 1) . We relocated these events relative to the background seismicity and inverted for their source parameters. This investigation is carried out using the same methodology as for other large deep events [Estabrook and Bock, 1995; Tibi et al., 1999; Estabrook, 1999; Tibi et al., 2001] . Thus this study completes an unprecedented data set of the 14 largest deep earthquakes (M w ranging from 7.0 to 8.3) studied using the same source parameter inversion technique. The characteristics of the 14 events are compared and discussed in relation to the possible faulting models at great depths.
Methods
[8] The hypocenter of the earthquakes investigated, in some cases their subevents, and whenever possible the rupture termination points were located using a hypocentroidal decomposition method [Jordan and Sverdrup, 1981] that minimizes the effect of velocity heterogeneity along the ray paths [Wiens, 1998b] . The hypocenters were located by inverting teleseismic P, pP, sP and local S arrival times provided by the Preliminary Determination of Epicenter (PDE), whereas picked arrival times were used for inferring the location of the rupture subevents and termination points. The picking of the termination of the P wave motion was done as described in greater detail by Tibi et al. [1999] . In order to determine the spatial distribution of the events relative to the seismic zone of the slab, we also located the background seismicity in the slab. This location included arrival time data from International Seismological Centre (ISC) and PDE (post-1989) . The relocation results were analyzed using a 3-D graphics package that renders the 95% confidence volumes of the locations.
[9] We inferred the focal parameters by inverting P and SH broadband seismograms using the method of Nábělek [1984] with the modification by Estabrook and Bock [1995] . The method applies waveform modeling to invert for source model parameters in a least squares sense. In computing theoretical seismograms, we use the IASP91 velocity model [Kennett and Engdahl, 1991] with 13 layers above 660 km on the source side, a half-space for the receiver structure. Attenuation is modeled with a t* operator for P and S waves of 0.7 and 2.5 s, respectively. Only stations in the distance range 30 -95°and 30-70°were used for P and SH waves, respectively. For these distances, the effects of strongly varying regional structures and interactions with the Earth's core are minimum. Details of the rupture process are difficult to determine from depth phases and S waves because of high attenuation. Therefore, subevents location and mechanism, and source-time func- tion were estimated by inverting P waveforms only, while complete P and SH seismograms including depth phases ( pP, sP and sS ) but not PP and SS were used to determine the centroid mechanism and the depths.
Source Studies

The 1994 Japan Sea Event
[10] The 1994 Japan Sea earthquake (M w 7.3; depth 473 km) occurred in a region of sparse seismicity, south of the deep part of the Hokkaido corner which connects the Japan and Kuril subduction zones (Figure 1 ). The 1994 earthquake was located at about 170 km northeast of the 29 September 1973 event (M w 7.7; depth 575 km), the largest known deep earthquake in the Japan subduction zone. Like the 1973 event [Wiens and Gilbert, 1996] , the April 1999 and June 2002 earthquakes (discussed in section 3.2), the 1994 earthquake did not generate any teleseismic aftershocks.
[11] The 1994 Japan earthquake has been investigated by several authors. From inversion of P and SH seismograms, Chen et al. [1996] proposed a source model with two enechelon rupture episodes separated by about 7 km in-depth.
They inferred an apparent rupture velocity of 1 -2 km/s between the subevents, and a speed of 4 km/s within each subevent. Antolik et al. [1999] suggested a bimodal moment release with a directivity toward the southeast.
Waveform Analysis and Event Relocation
[12] The P waveforms depicted in Figure 2a show two coherent pulses, indicating that the rupture process consists of two episodes of moment release. The timing of the second subevent (square) and the rupture termination point (dot) show an azimuthal dependence consistent with a southeastward rupture propagation. In order to estimate the amount of vertical rupture extent, we compare the direct P phases with the upgoing phases pP. An example of this comparison is shown in Figure 2b for the station ANMO located at an epicentral distance of about 86°. The time difference between the centroids of the two rupture episodes is longer for pP phase than for P phase by approximately 1 s, indicating that the second subevent occurred about 5 km deeper than the first rupture episode.
[13] Thirty-eight picked P arrival times were inverted for the location of the rupture termination point relative to the hypocenter. The location results suggest that the 1994 Japan deep earthquake lasted about 11 s, during which the rupture propagated downward and to southeast (azimuth = 132°) over an extent of about 30 km. These values imply an average rupture velocity of approximately 3 km/s. The rupture termination point, 15 km deeper than the hypocenter, is located on the shallow dipping nodal plane of the centroid mechanism (Figure 1 ).
Body Wave Inversion
[14] Seismograms from 29 widely distributed stations were employed in the body wave inversion. Relative to the event nucleation point, the centroid is located at 10 km distance and 163°azimuth, confirming the southeastward directivity. Using a model of propagating point source, the rupture velocity of 3 km/s is also confirmed. Our favored rupture model consists of two episodes of moment release (Table 2) . Synthetic waveforms computed for that model show excellent fits to the observations (Figure 3a) . The inferred total moment release of 1.3 Â 10 20 Nm is somewhat larger than the values of 1.1 Â 10 20 and 1.0 Â 10 20 Nm indicated by the Harvard group [Dziewonski et al., 1995] and Chen et al. [1996] , respectively. The source-time function is characterized by two peaks at about 2 and 7.5 s (Figure 3b ). The inferred difference in-depths of 10 km between the two rupture episodes (Table 2 ) is in agreement with the estimation of 7 ± 4 km for the en echelon rupture model [Chen et al., 1996] . The location results shown in vertical cross section (Figure 4a ) suggests that rupture initiated at the upper edge of the active zone, and terminated at its lower edge. Thus the faulting extended across the entire width of the seismically active slab.
[15] Whereas the centroid of the second subevent lies along the B-axis (Figure 1 ), the rupture termination point is located on the shallow dipping nodal plane of the centroid mechanism, and the estimated uncertainty seems to exclude its location on the vertical plane. This suggests that rupture occurred along the shallow dipping nodal plane, in agreement with other studies [Chen et al., 1996; Antolik et al., 1999] . The hypocenter and the point where the rupture terminated define a rupture length of about 25 km NW-SE. Assuming a 20-km width, a rupture area of 500 km 2 is inferred, within the range of 400 -700 km 2 indicated by Antolik et al. [1999] . This estimate for the rupture area yields a static stress drop of 28 MPa.
The Eastern China Earthquakes
[16] The 28 June 2002 earthquake (M w 7.3) and the 8 April 1999 event (M w 7.1) located $20 km apart, occurred both at about 570 km depth beneath the Russia-Chinese border region. Both earthquakes share a similar overall mechanism consisting of a near-vertical nodal plane striking north-south, and a subhorizontal nodal plane trending northeast-southwest to east-west, consistent with downdip compression (Figure 1 ).
The 2002 Event
[17] Most of the waveforms for the 2002 event show three major pulses suggestive of a complex source process ( Figure 5 ). The time separation between the second subevent (black triangle in Figure 5 ) and the rupture initiation is shorter ($5 s) for the station QIZ located to the southwest, and longer (7 s) for the station ADK located to the northeast. The timing of the third episode of rupture shows a similar pattern, with delays relative to rupture initiation of about 7 and 10 s at the stations QIZ and ADK, respectively. This suggests that rupture propagated predominantly toward the southwest. The rupture subevents were difficult to identify on S waveforms and depth phases. Therefore, only P waveforms were picked in order to locate the second and third episode of rupture. Stations in China and Japan located at epicentral distances less than about 10°recorded upgoing P phases, allowing a better constraint of the depths, thus the vertical component of rupture. The uncertainties in the locations are in the order of 4 km. Relative to the initiation point, the second and third rupture subevents are located to the southwest at 19 and 22 km, respectively. The vertical extent of rupture as inferred from the depth difference between the hypocenter and the located subevents is 16 km (Figure 4b ). The location results indicate a rupture velocity of 2 -3 km/s.
[18] We inverted 34 P and 4 SH seismograms for the focal parameters. Relative to the initiation point, the centroid is located at 16 km distance and 246°azimuth. Approximating the source process by a model of propagating rupture yields best values of 2 km/s and 240°for the rupture velocity and direction, respectively. The favored source model consists of three point sources (Table 2 ). Seismograms computed for that model show excellent agreement to the observations (Figure 6a) .
[19] The rupture process of about 14-s total duration ( Figure 6b ) released a seismic moment of 1.1 Â 10 20 Nm, consistent with the Harvard CMT solution. The focal mechanism underwent a clear change during the rupture. This consists of the variation of both the strike and the dip of the steeply dipping nodal plane ( Table 2 ). The change in mechanism is evident on waveforms at near-nodal stations. For example, at the station NWAO (Figure 5 ), the first major pulse has an uncertain polarity due to radiation near a nodal plane, whereas the polarities of the second and third major pulses clearly indicate a takeoff in the compression area of the focal mechanism. The focal mechanism of the third subevent of rupture is very similar to that of the 1999 earthquake (Table 2) , and both are located very closely (Figure 4b ). This suggests that the 1999 event and the 2002 earthquake, at least its last subevent, occurred probably on the same fault. Thus the 2002 earthquake might have reactivated the fault segment ruptured by the 1999 event.
The horizontal distance from the initiation point to the last subevent implies an east-west extent of about 20 km that cannot be accommodated along the near-vertical nodal plane without requiring an unrealistic large vertical extent on the order of 100 km. This suggests that rupture occurred probably along the subhorizontal nodal plane. The initiation of rupture is located along the lower edge of the seismic zone, whereas the later subevents lie near the upper edge of the zone (Figure 4b ). Thus the earthquake ruptured the entire width of the seismically active zone of the slab. Assuming that rupture proceeded beyond the centroid location of the last subevent by t 2 v r , where t is its duration and v r the average rupture velocity, the total rupture length is estimated to be $30 km. The fault width as inferred from the vertical component of rupture is about 15 km. From these parameters, the stress drop is estimated to be 27 MPa.
The 1999 Event
[20] The P waveforms for the 1999 earthquake ( Figure  7a ) shows essentially a large single pulse that indicates a simple rupture. Despite the near-nodal location of the stations in the northern and southern azimuths, a careful inspection of the waveforms at these stations suggests a small directivity toward the south.
[21] We inverted 31 P and 6 SH seismograms for the source model parameters. The best fitting model for the Horizontal distance ''Dist'' and azimuth from north ''Az'' are relative to the epicenter. The parameters for the best double couple obtained after summation of moment tensor solutions of the subevents are indicated in the row marked ''Sum.'' Focal depth is the average of subevents weighted by moment. PPS is a model of propagating rupture. Rupture velocity and direction for this model are 2.5 km/s and 190°for the 1999 Eastern China earthquake,1999 earthquake consists of a propagating point source with a rupture velocity of 2.5 km/s and direction S10°W. Theoretical seismograms computed for that model show excellent agreement to the observations (Figure 7a ). The source process of about 6 s total duration started with an episode of weak moment release (Figure 7b ), implying that little energy was released near the rupture initiation point ( Figure  7c ). The inferred seismic moment of 4.9 Â 10 19 Nm agrees well with the value reported by Harvard (5.1 Â 10 19 Nm) [Dziewonski et al., 2000] . Rupture propagated toward the south, nearly parallel to the steeply dipping nodal plane of the focal mechanism. However, as we found no evidence for a significant vertical directivity, a rupture along the nearhorizontal nodal plane cannot yet be ruled out. The evidence shown above that the fault of the 1999 earthquake might have been reactivated by the 2000 event (section 3.2.1) suggests that, as is the case for the latter, rupture during the 1999 earthquake occurred probably along the subhorizontal nodal plane of the focal mechanism. Rupture initiated near the upper edge and propagated subparallel to the overall strike of the seismic zone (Figure 4b ).
The 2000 Bonin Earthquake
[22] The 6 August 2000 Bonin event (M w 7.3; depth 412 km) occurred in the central part of the Izu-Bonin subduction zone, in a region of relatively high seismicity (Figure 1 ). The subduction zone is characterized by a variation in dip of the downgoing Pacific plate from moderate in northern (Table 2) . Station codes, epicentral distance and azimuth from north in degrees are indicated. The P waveforms have been deconvolved to ground displacement, resampled to five sample/s, and high-pass filtered at 0.01 Hz. (b) Source-time function for the 1994 Japan Sea earthquake.
Bonin to near-vertical dipping in the south. No aftershock was reported in the PDE catalogue.
[23] Inspection of the P waveforms of the 2000 Bonin earthquake reveals no clear rupture directivity (Figure 8a ). Stations located in southeastern to southern azimuths show slightly narrower triangle-like pulses, probably indicating a small directivity toward SSE. The event was investigated using 21 P and 5 SH seismograms. Results indicate a centroid location of about 1 ± 2 km away, relative to hypocenter. Using a model of unilateral propagating point source, we inferred a rupture velocity of 1 km/s and a direction of S25°E. The direction of rupture propagation is consistent with the slightly narrower waveform pulses observed at stations in southeastern to southern azimuths ( Figure 8a ), and is nearly parallel to the steeply dipping nodal plane of the centroid mechanism ( Figure 1 ).
[24] The location of the centroid in the vicinity of the nucleation point and the near-absence of rupture directivity do not indicate an extremely compact source process, since this would imply unrealistic high values for the average dislocation and static stress drop. Rather, rupture might have propagated bilaterally. For a perfectly symmetric bilateral rupture, the centroid would coincide with the hypocenter, and the apparent rupture velocity would be zero [e.g., McGuire et al., 2000] .
[25] We investigated the model of bilaterally propagating rupture with constant velocity along both nodal planes of the centroid mechanism. To approximate rupture along the steeply dipping plane, we chose the directions N25°W and S25°E. This choice was done in consistency with the best fitting rupture azimuth inferred above for the model of unilateral propagating point-source. For the shallowly dipping plane the directions of rupture propagation, corresponding to the orientation of that plane, were N78°W and S78°E. For each value of rupture velocity (ranging from 0.5 to 4 km/s at 0.5-km/s intervals), rupture along the steeply dipping nodal plane gave a slightly better fit to the data, suggesting that this plane is likely the one that ruptured. We inferred a best fitting rupture velocity of 2 km/s, which is by a factor of two higher that the value obtained from the model of unilateral rupture.
[26] Our preferred source model (Figures 8b and 8c and  Table 2 ) approximates a bilateral rupture toward N25°W (PNW) and S25°E (PSE), nearly along the steeply dipping nodal plane of the average mechanism, with a velocity of 2 km/s. Synthetics computed for that model show excellent fits to the observations (Figure 8a ). This model also explains the slight pulse narrowing observed at stations located to the SE-S. The bilateral moment distribution shown in Figure 8c indicates that rupture propagated about 25 km toward NNW and SSE, spanning a total length of 50 km. The results suggest that a seismic moment of 0.71 Â 10 20 Nm was released to NNW, whereas the rupture component propagating toward SSE has a seismic moment of 0.51 Â 10 20 Nm (Table 2 ). The earthquake with a source duration of 13 s (Figure 8b ) has a total moment release of 1.22 Â 10 20 Nm, in agreement with the Harvard CMT solution [Dziewonski et al., 2001] . The earthquake nucleated in an area of high seismicity (Figure 9 ), and rupture proceeded approximately parallel to the slab strike. Assuming a fault width of 20 km which may correspond to the width of the seismically active zone, the stress drop is estimated to be 9 MPa.
The 1998 Bonin Earthquake
[27] The 20 August 1998 Bonin earthquake (M w 7.1; depth 430 km) occurred about 25 km northwest of and 20 km deeper than the 2000 event presented in section 3.3 Both earthquakes share a similar average focal mechanism (Figure 1) . The 1998 event was followed about 18 min later by an aftershock (m b 4.3).
[28] Figure 10a shows examples of P waveforms for the main shock, with the different symbols indicating coherent features. The waveforms are characterized by a initial stage of less than 10 s duration showing very small amplitudes, followed by three coherent pulses which represent the episodes of the main moment release. Whereas the timings of the initiation of the main moment release (gray triangle in Figure 10a ), and the first subevent (black triangle) do not indicate a clear variation with azimuth, the timings of the second subevent (black square) and the third rupture episode (gray square) show a dependence on azimuth consistent with a directivity toward the NNE-NE. We investigated the vertical directivity by comparing P and pP waveforms as shown in Figure 10b for the station ALE (Á = 68.3).
Relative to the event nucleation point, the initiation of the main moment release is delayed by approximately 3 s for the pP phase compared to the P phase, indicating a large vertical component of rupture. This is also observed at other stations. We located the event nucleation point, the centroid (Table 2) . Át 2 is the estimated time separation between the first break and the centroid of the second subevent, and Át 3 for the third rupture episode.
of the three episodes of main moment release and the aftershock. The episodes of main moment release could be picked reliable only on P waveforms. Hence only P arrivals were used to locate them. Some stations in Japan located at 7 -8°epicentral distance recorded upgoing P phases, allowing a better constraint of the depths. Except for the aftershock with an average semiaxis length of the location ellipsoid of about 11 km, the uncertainties in the locations are in the order of 5 km, suggesting that the inferred spatial distribution of rupture is robust. Relative to the nucleation point, the centroid of the first subevent is located at 8 km horizontal distance to the NW (296°) (Figure 11a ) and 24 km deeper than the nucleation point (Figures 11b and 11c) . The second subevent is located 18 km away from epicenter at 56°azimuth, and the third subevent at 24 km and 24°. The second and third subevents lie 8 -14 km deeper than the hypocenter. Relative to the main shock nucleation point, the aftershock with a focal depth of 445 km occurred 19 km away to the northwest (348°). Both the second and third subevent of the main rupture episode lie to the northeast. In contrast, the centroid of the first subevent and the aftershock are located to the northwest, indicating a component of rupture propagation toward that direction. The average velocity as inferred from the spatiotemporal location of the rupture fixed points is about 1 km/s for rupture toward the northeast and 2 km/s toward the northwest.
[29] We used 30 P and 6 SH seismograms in the inversion for the rupture parameters. The average mechanism shows a near-vertical nodal plane trending NNW-SSE and a subhorizontal plane striking E-W (Figure 1 ). Relative to the nucleation point, the centroid is located 10 km away at 80°a zimuth, suggesting that the main moment release occurred to the NE. This is consistent with the location of the largest subvent of rupture (Table 2, next paragraph). A model of propagating point source yields a best fitting velocity and direction of 1 km/s and N70°E, respectively. This value for rupture velocity agrees with that estimated from the location of the northeast component of rupture. As discussed later, the low rupture speed is probably an artifact due to the assumed unilaterally propagating rupture that is too simplistic to approximate properly the complex spatiotemporal distribution of faulting during the August 1998 earthquake.
[30] Our best fitting model consists of three point sources (Table 2 ). Waveforms computed for that model are compared to the observed seismograms in Figure 12a . The earthquake started with a weak slip followed by three episodes of larger moment release (Figure 12b ). The inversion could not confidently determine the spatial separation between the nucleation point and the centroid of the first subevent. That is, the northwest component of rupture could not be resolved. The spatial parameters for the second and third rupture episodes as inferred from the inversion is in reasonable agreement with the location results presented above. The weak ''precursor'' of 9-s duration is followed by the first subevent that lasted 4 s. This subevent and the ''precursor'' released together a seismic moment of 1.3 Â 10 19 Nm. Twelve seconds after rupture initiation, the second subevent started. This episode of 7-s duration that released a seismic moment of 2.7 Â 10 19 Nm represents the largest subevent of the source process. The third subevent start 18 s after event origin time and release 0.7 Â 10 19 Nm in 3 s duration. The inferred event duration is 21 s. The estimated total moment release is 4.7 Â 10 19 Nm, in agreement with the value reported by the Harvard group . As shown in Figure 22b , the 1998 Bonin earthquake appears to have an unusually long duration relative to its small seismic moment.
[31] The first subevent of the main moment release is located to the northwest relative to the event initiation point, whereas both the second and third subevents are located to the northeast (Figure 11a ). An aftershock located 19 km away from hypocenter, at 348°azimuth provides further evidence for a northwest component of rupture. This suggests that rupture propagated bidirectionally toward the northeast and northwest. Since both the second and third subevents are located to the northeast, the bidirectional rupture propagation took place probably during the first 13 s after rupture initiation, followed by a unidirectional northeastward propagation. The northwest part of rupture possesses a significant vertical component. This follows from the depth difference of 24 km between the event nucleation point and the centroid of the first subevent (Figures 11b and 11c) . The average rupture speed as estimated from the subevents location and the model of propagating point source is 1 km/s for the northeast component of rupture. The location results yielded a velocity of about 2 km/s for the northwestward propagating rupture. The inferred low velocities, particularly for the northeastward rupture, could be an artifact due the bidirectional nature of rupture propagation during the 1998 Bonin earthquake. Thus these values might not represent the ''true'' speed of rupture front propagation.
[32] During the rupture process, the focal mechanisms underwent a small change consisting mainly of a rotation of the near-vertical nodal pane of about 22° (Table 2 ). This change in focal mechanism is evident at near nodal stations (e.g., PVC in Figure 12a ), which show changes in polarity between subevent pulses. The overall mechanism consists of a steeply dipping nodal plane trending NNW-SSE and a subhorizontal plane striking E-W. The observed difference in-depths of 24 km between the first subevent and the nucleation point, located only $10 km apart, cannot be accommodated along a subhorizontal plane. The nucleation point, the first subevent of the main shock, and the aftershock are located along or near the steeply dipping nodal plane (Figure 11b ). Whereas the 95% confidence region of the aftershock does not clearly exclude a location on the shallowly dipping nodal plane, none of the main shock subevents lies near that plane (Figure 11c) . A least squares inversion for the plane that best fits the main shock subevents and the aftershock yielded a strike of 346°and a dip of 73°, consistent with the orientation of the steeply dipping nodal plane of the focal mechanism. This suggests that this plane is the one that ruptured. The rupture area as inferred from the distribution of the main shock subevents and the aftershock is about 20 km E-W and 20 km N-S, yielding a static stress drop of 14 MPa. The initiation point of rupture, the first subevent and the aftershock are located within the active zone, whereas the second and third subevents of the main moment release are located along the lower edge of the zone (Figure 9 ). Thus the 1998 rupture is confined within the seismically active zone of the downgoing plate.
The 1998 Fiji-Tonga Sequence
[33] The 29 March 1998 earthquake (M w 7.1; depth 536 km) occurred in the northern part of the Fiji-Tonga subduction zone, about 50 km northwest of the large 9 March 1994 earthquake (Figure 13 ). Like the 1994 event , the 29 March 1998 earthquake was followed by a large number of aftershocks.
Main Shock and Aftershock Location
[34] The 1998 sequence was recorded by the SPANET, a network of broadband seismic stations operated in the islands of Fiji, Tonga, Niue, Norkfolk, and Cook ( Figure  13 ). We combined arrival times from that network and teleseismic arrivals to relocate the March 1998 earthquake and its aftershocks. Three stations of the network at about 5-9°epicentral distance recorded upgoing P and S phases that allow a better constraint of focal depths. Aftershocks can be difficult to identify, particularly in a region with high level of background seismicity, such as the FijiTonga deep seismic zone. From the number of events reported in the PDE catalogue for the year 1997, we estimated the level of background seismicity within 50 km of the main shock hypocenter to be 0.15 events/day. The seismicity rate in the area was well above this level during the time period of 28 days following the 1998 main event. Hence we counted as aftershock any event that occurred within this period. Earthquakes with average semiaxes length of the location ellipsoid of less than 10 km are reported in the final list (Table 3 ). This includes one foreshock that occurred 2 days before the main event, and 14 aftershocks.
[35] The location results shown in Figure 14 suggest that the 1998 sequence define a near linear feature striking NW-SE, parallel to the local trend of the seismic zone. The focal depth within the sequence increases gradually from about 510 km in northwest to 570 km in southeast (Figure 14 , bottom). Near the main shock hypocenter, the aftershocks form a small cluster (shaded area in Figure 14 ) of about 20 km NW-SE and 20 km vertical extent. Nine of the 14 welllocated aftershocks are located within that cluster. This includes seven events that occurred within 4 hours after the main shock (Table 3 ). The extent from the main shock initiation point, located roughly in the northwestern portion of the cluster, to the southeastern edge of the cluster is consistent with the maximum rupture length of 15 km inferred for the main shock (next paragraph). Thus aftershocks far outside the cluster did not lie in the immediate vicinity of the fault slip during the main shock. This includes events 9, 12, 14, and likely 5 (Table 3 and Figure  14) that are, however, located along the overall trend of rupture propagation during the main shock (next paragraph). These events which are related to the spatial expansion of the aftershock activity probably represent earthquakes that result from stress increase at the southeastern and northwestern edge of the main shock fault zone. Aftershock expansion also has been observed for the 1994 sequence [Wiens and McGuire, 2000] , suggesting that this might be a common phenomenon for large Fiji-Tongan deep earthquakes. Event 11 located about 16 km off of the linear trend defined by the sequence (Figure 14, top) likely represents a triggered event as observed for other deep earthquakes [McGuire et al., 1997; Wiens, 1998a Wiens, , 1998b Tibi et al., 2001 ]. The 1998 Fiji-Tongan earthquake generated a strong aftershock sequence, and resembles in this respect the 1994 event [Wiens and McGuire, 2000] . Vertical cross section nearly perpendicular to the strike of the seismically active zone of the Bonin slab showing the 95% confidence ellipsoid for the location of the 6 August 2000 earthquake (yellow), the initiation point of the 1998 event (white), its subevents (red) and aftershock (green), and the background seismicity (blue). The background seismicity data in the N-S direction includes earthquakes located within 50 km from the epicenter of the August 2000 event. Because of the variation in slab dip (Figure 1) , the earthquake locations projected into the plan of the cross section define and area that is much larger than the expected width of Wadati-Benioff zone.
Inversion for Source Characteristics
[36] The P waveforms of the main shock show a single impulsive phase indicating a simple faulting process ( Figure  15a) . A careful inspection of the waveforms indicates a small southeastward directivity of rupture. We used 26 P and 6 SH seismograms in the inversion for the source model parameters of the main shock. The centroid mechanism consists of reverse faulting with a large strike slip component, whereby the T-axis is dipping to the northwest ( Figure  13 ). Its mechanism and location suggest that the 1998 event belongs to the group of deep earthquakes showing downdip extension in the northwestern area of the Fiji-Tonga subduction zone [Giardini, 1992] . Relative to its nucleation point, the centroid of the main shock is located at 11 km distance to SE. Using a model of propagating point source, we inferred a rupture velocity of 3-4 km/s and direction of 110 -135°. Theoretical waveforms shown in Figure 15a were computed for the favored source model, consisting of a rupture propagating with a velocity of 3 km/s toward N130°E. Aftershocks located southeast and northwest of the nucleation point (Figure 14) seem to indicate a component of northwestward rupture during the main shock. However, a model of bilaterally propagating rupture toward the southeast and northwest does not provide improved fits over our favored model. The 1998 main shock lasted about 4 s (Figure 15b ) and released a seismic moment of 6.5 Â 10 19 Nm. The moment distribution shown in Figure 15c indicates a maximum southeastward rupture extent of $15 km. This is in good agreement with the NW-SE rupture size of 20 km inferred from aftershock distribution that indicates as well a vertical rupture dimension of 20 km (Figure 14 , bottom). This estimate of the rupture area yields a static stress drop of 20 MPa.
[37] Using a combination of regional data from the SPANET network and teleseismic data from the Global Seismic Network, we determined the focal mechanism of the larger aftershocks (m b > 4.5) with a grid search method that fits P and S waveforms simultaneously [Wiens and McGuire, 2000] . The focal mechanisms vary within the sequence (Figure 14, top) . This consists of rotations of the steeply dipping nodal plane, and also a variation of the strike-slip component. The variation in focal mechanisms is confirmed by changes in polarity observed at the regional stations for some of the events. Event 3 and the main shock located in the northwestern portion of the line defined by the sequence show focal mechanisms with T-axis dipping shallowly to the northwest. In contrast, focal mechanisms for aftershocks located southeast of the main shock show vertical T-axes. An inversion for the plane that best fits the aftershock locations, excluding the triggered event discussed earlier, indicates a strike of 138°and a dip of 42°, both well-constrained. This strike is consistent with the inferred direction of rupture propagation during the main shock, and is in reasonable agreement with the trend of the steeply dipping nodal plane of its mechanism. The best fitting dip, however, does not agree with that of the main shock mechanism. This together with the observed variation of the focal mechanisms within the sequence suggest that the aftershocks occurred on faults with different orientations. 3.5.3. Rupture Area of the 9 March 1994 Earthquake as Barrier for the 1998 Sequence
[38] The 29 March 1998 earthquake occurred about 50 km northwest of and 30 km shallower than the large 9 Figure 11 . 95% confidence ellipsoid of the location of the rupture initiation point (white) and the centroid of the three episodes of the main moment release (red) for the 1998 Bonin event. S1 is the centroid of the first subevent, S2 that of the second subevent and S3 the centroid of the third subevent ( Table 2) March 1994 event (Figures 13 and 16) . However, the 1998 main shock generated aftershocks downward across the entire region that separates both events. The 1998 sequence terminated at the northwestern edge of the rupture area of the 1994 earthquake (Figure 16 ). Rupture during the 1998 main shock occurred along a northwest-southeast striking fault ( Figure 13 ). In contrast, the fault for the 1994 event was oriented north-south [McGuire et al., 1997; Tibi et al., 1999] . However, these events share a similar orientation of the T, and also the P-axes. The shallowly dipping T-axes are oriented northwest-southeast, and the subhorizontally to moderately plunging P-axes northeast-southwest. Because of this similarity, the stress acting on the fault of the 1998 earthquake might have been released significantly by the 1994 event. If this is true, the 1998 sequence might have been stopped by the lack of sufficient stress in the source region of the 1994 earthquake which would allow earthquake generation in that area by processes following the 1998 main event.
The 1996 Fiji-Tonga Earthquake
[39] The 5 August 1996 event occurred in the central region of the Fiji-Tonga subduction zone at 558 km depth (Figure 13 ). With a magnitude M w = 7.3 (7.4 Harvard [Dziewonski et al., 1997] ), this earthquake represents the second largest deep event in Fiji-Tonga recorded with modern seismographs, after the 1994 earthquake. Unlike the 1994 event, and the 1998 earthquake investigated in section 3.5, the 1996 event did not generate any aftershock large enough to be recorded at teleseismic distances. Antolik et al. [1999] investigated the rupture process of the 1996 earthquake. These authors suggested that the moment rate function resembles a simple triangle, with an duration of about 9 s. They did not observe any significant directivity.
[40] We located the event initiation point and the peak moment release (indicated in Figure 17a by triangle). Relative to the epicenter, the peak moment release occurred at about 14 km distance to the NW (333°), and was delayed by $5 s. The depth difference between initiation point and the location of the peak moment release is estimated to be 10 km. An average velocity of rupture propagation of about 3 km/s is inferred, consistent with the lower bound of the range (3.2 -4.5 km/s) indicated by Antolik et al. [1999] . Our preferred source model approximates a simple rupture propagating toward the northwest. Theoretical waveforms computed for that model shows excellent fits to the data (Figure 17a ). The centroid solution consists of a subhorizontal and a near-vertical nodal plane, both striking NE-SW (Figure 13 ). The Table 3 . Aftershocks in the shaded area are discussed in text. Fault plane solutions (Table 3) are lower-hemispheric projections of the focal sphere. Note the variation in focal mechanisms. FS is a foreshock that occurred 2 days before the main event (M). Values for m b are taken from PDE. ''Arr'' is the number of arrivals times used in the relocation, and ''Unc'' the average length of the three semiaxes of the 95% confidence ellipsoid. inferred horizontal extent of 14 km between the rupture initiation point and the peak moment release, located to the northwest, cannot be accommodated along the subvertical nodal plane without requiring a vertical extent on the order of 40 km, suggesting that rupture occurred probably on the subhorizontal nodal plane. This is in agreement with results by Antolik et al. [1999] , and consistent with the findings that the lineations of seismicity are parallel to the shallowly dipping nodal plane for this type of mechanism in the region [Giardini and Woodhouse, 1984] . The rupture process released a seismic moment of 1.2 Â 10 20 Nm. The rupture area as estimated from the rupture duration of 11 s (Figure 17b ) and the average speed of 3 km/s is about 30 km Â 20 km, corresponding to a static stress drop of 20 MPa. Antolik et al.
[1999] reported a rupture area of 600-1000 km 2 and a stress drop of 10-24 MPa.
The 1991 Argentina Event
[41] The 23 June 1991 event (M w 7.2) occurred in the southern part of the subducting Nazca plate at 571 km depth, in a pocket of deep seismicity. The deep seismicity in the region defines a narrow band striking N-S that marks the boundary of the aseismic zone (Figure 18 ). About 2 hours after the main event, an aftershock occurred (m b 5.6) that was well recorded at teleseismic distances. The aftershock with a focal depth of 572 km was located at about 10 km to the south of the main shock hypocenter (Figure 20) .
[42] The P waveforms of the main shock are plotted as function of azimuth in Figure 19a . The timings of the initiation of the second subevent (black triangle), its centroid (square) and the rupture termination point (dots) suggest that rupture propagated southward. We located the rupture termination point at 53 km distance and 181°azimuth, relative to the hypocenter. The results suggest that both nucleation and termination occurred approximately at the same depth. A rupture duration of 15 s is estimated. This implies a value of about 3.5 km/s for the average rupture velocity.
[43] For deriving the spatial and temporal distribution of the rupture process, 10 P and 5 SH seismograms were inverted. The centroid solution shows a normal faulting mechanism (Figure 18 ), in agreement with the Harvard CMT solution [Dziewonski et al., 1992] . The model of propagating source yields a rupture velocity of 3.5 km/s and direction 175°, in conformity with the values obtained by locating the termination point of rupture. The best fitting source model consists of two rupture episodes (Table 2) . Synthetic P wave seismograms computed for that model are shown in Figure 19b together with the observed waveforms.
[44] The lack of significant depth variation for the two episodes of moment release, and the rupture termination point indicates that rupture propagated subhorizontally. The source process with a duration of 15 s (Figure 19c ) released a total seismic moment of 7.4 Â 10 19 Nm, smaller than that indicated by the Harvard group (8.6 Â 10 19 Nm). The results indicate a slight change in focal mechanisms between the two subevents, consisting mainly on a rotation of about 20°of the strike of the steeply dipping nodal plane ( Table 2 ). This change is well illustrated by the P waveform at the station PAS in Figure 19a , where the first major pulse has an uncertain polarity, indicating radiation near a nodal plane, whereas the second major pulse shows clearly a downward polarity that indicates a takeoff in the dilatation area of the focal mechanism. Rupture propagated parallel to the strike of the Wadati-Benioff zone, and was likely confined in the slab core (Figure 20) . The rupture length from the hypocenter to the termination point is $55 km N-S. The located subevents and the termination point of the main shock, and the aftershock have nearly the same depth, and their spatial distribution do not define an area, but span a line. Therefore, we cannot give a reliable estimate for the rupture width. Assuming a width of 20 km, corresponding approximately to the E-W extent of the deep seismic active zone of the slab, a rupture area of 55 km Â 20 km is inferred which implies a stress drop of 5 MPa. Our analysis does not allow an unequivocal identification of the fault plane.
Discussion
Spatial Distribution of Deep Earthquake Ruptures
[45] The extent and orientation of deep earthquake ruptures allow for the geometry and dimension of the seismogenic zone to be constrained, thus providing important contribution toward constraint of possible faulting models. As pointed out by Wu and Chen [2001] , deep earthquake ruptures show essentially two types of spatial distribution. For most events, rupture occurs within a narrow region subparallel to the local strike of the seismic zone ( Figure  21 ). The 1996 Fores Sea and the 1991 Argentina earthquakes for example belong to this group. In contrast, the 1994 Bolivia and 1994 Fiji-Tonga events, ruptured the subducting plate at a high angle, and penetrated the slab thickness by a considerable distance of $40 km, much larger than the width of the seismically active zone of the slab.
Temperature Dependence of Deep Earthquake Source Parameters
[46] The source parameters for the earthquakes analyzed in this study are summarized in Table 4 , along with those of six other large deep earthquakes [Estabrook and Bock, 1995; Tibi et al., 1999; Estabrook, 1999; Tibi et al., 2001] . The 14 events were investigated with the same methodology, allowing a reasonable comparison of their parameters. The rupture velocities in percent of shear velocity at the focus are plotted in Figure 22a as a function of slab thermal parameter È. The thermal parameter, the product of the vertical-subduction rate and the age of the downgoing lithosphere, indicates how cold deep slabs are, relative to the surrounding mantle [e.g., Molnar et al., 1979] . Larger thermal parameters correspond to lower slab temperatures at depth. Deep earthquake rupture velocity varies as a function of slab temperature from about 30% to 90% of the shear velocity at the focus (Figure 22a ). Slow rupture velocities are observed for events in warm subducting slabs, whereas earthquakes in cold subduction zones show fast rupture velocities. This is in conformity with other previous studies [Wiens, 1998b; Tibi et al., 1999; Wiens, 2001] . Such a systematic variation of the rupture velocity is consistent with the observation that ruptures in warm slabs tend to last relatively longer as shown in Figure 22b , and have longer time separations between the rupture initiation and the initiation of the main episode of moment release [Estabrook, 1999] . The 1991 Argentina event with a rupture velocity of 3.5 km/s (65% of shear velocity at the source region), larger than those of other South American large earthquakes, deviates considerably from this general tendency (Figure 22a ).
[47] Figures 22c and 22d show the static stress drop and the maximum seismic efficiency as a function of thermal parameter. The seismic efficiency is defined as the ratio of the seismic energy to the total strain energy released. It should be emphasized that both the static stress drop and the seismic efficiency depend on the rupture sizes that are often not well constrained. For most events, the rupture lengths are estimated accurately from the average velocity of moment release and the source duration, or by locating the rupture termination point. In contrast, except for a few events like the 1994, 1998 Fiji-Tonga, and the 1995 Mariana deep earthquakes with a sufficient number of aftershocks that define the rupture area [McGuire et al., 1997; Tibi et al., 2001] , the estimate for the fault width is often based on assumptions, e.g., the width of the seismically active zone of the slab. Therefore, the values for static stress drop and maximum seismic efficiency are associated with large uncertainties, as shown in Figures 22c and 22d . Despite that, the seismic efficiency in particular shows a systematic variation with temperature that is in accord with other parameters. Whereas events in colder slabs show moderate to high seismic efficiency, extremely low values for this parameter are characteristic for earthquakes in the warm South American slab. Once more, the 1991 Argentina event with a relatively high value for maximum seismic efficiency seems to be the exception (Figure 22d ). This event also shows an unusually low static stress drop (Figure 22c ).
[48] Figure 22e shows the aftershock productivity of all large (M w ! 7.0) deep earthquakes from 1958 to 2002 as a function of thermal parameter. As suggested by Wiens and Figure 18 . Epicentral location (star) of the 23 June 1991 Argentina event (M w 7.2; depth 571 km). Dots represent shallow earthquakes (h 100 km), and circles deep events (h > 100 km). Contours of seismicity are drawn at 100-km depth intervals. The focal mechanism is the centroid solution from this study. [1996] , earthquakes with substantial aftershock sequences, such as the 1994 Tongan [Wiens and McGuire, 2000] , the 1995 Mariana [Tibi et al., 2001] , and the 1998 Tongan events are found only in colder slabs. In contrast, earthquakes in warmer slabs, such as the 1994 Bolivian and 1970 Colombian events consistently show few aftershocks. Wiens and Gilbert [1996] also suggested that magnitudefrequency relations for deep earthquakes show systematic variations as a function of slab thermal structure, with warmer slabs showing fewer small earthquakes (lower bvalues) (Figure 22f ).
Gilbert
[49] In contrast to the results reported in this study, Wu and Chen [2001] found no clear correlation between characteristics of rupture and thermal state of the slabs from a data set composed of seven largest deep earthquakes (M w ! 7.6). This discrepancy could be related to the following factors. First, Wu and Chen [2001] used considerably less earthquakes, compared to our study. Second, most of their events predated the digital era. Therefore, the rupture characteristics may not be well constrained. Finally, the source parameters reported by these authors are a compilation from different studies which used different techniques and models. For a given event, parameters, such as rupture dimensions and stress drop for example, can vary substantially with different models or methods. Hence for parameters determined by different methodologies, a systematic variation among events can be difficult to detect.
Implications for the Seismogenic Processes
[50] Several models have been proposed to explain earthquakes that occur at depths greater than about 100 km. In this section, major proposed mechanisms are discussed in relation to the inferred rupture characteristics of large deep earthquakes.
Dehydration Embrittlement
[51] Water liberated by dehydration increases pore pressure which reduces the effective normal stress, eventually causing brittle fracture. This mechanism known as ''dehydration embrittlement'' has been proposed as an explanation for intermediate-depth earthquakes [Frohlich, 1989; Green and Houston, 1995; Kirby et al., 1996] . A recent study shows that rupture during large intermediate-depth earthquakes propagate mainly parallel to the strike of the downgoing plate and that the seismogenic zone perpendic- ular to the dip direction of the slab is limited to a narrow width of generally less than $15 km [Tibi et al., 2002] . In addition, intermediate-depth earthquakes are mostly located in the crust or in the uppermost mantle of the subducting plate [e.g., Bock et al., 2000] , regions where hydrous minerals are most abundant and where they are expected to be initially stable to great depths [Peacock, 1993] . All these observations are consistent with dehydration embrittlement as a model for intermediate-depth events. It has been suggested that the same mechanism may be responsible for deep earthquakes [Raleigh and Paterson, 1965; Meade and Jeanloz, 1991] . There are two major difficulties for that model. First, the slab thickness penetration for some large deep earthquakes such as the 1994 Bolivia and the 1994 Fiji-Tonga events (Figure 21 ), is much larger than the regions in the uppermost part of subducting plates where hydrous phases are expected to exist. It has been suggested that trench parallel normal faults established in the lithospheric plate prior to subduction provides a means by which seawater could penetrate deeper into the plate [Kirby et al., 1996; Peacock, 2001] . Deep earthquakes may thus result from reactivation of such preexisting faults at great depths through dewatering . However, the fault orientations of the 1994 Fiji-Tonga earthquake and many other deep events are not consistent with those of typical shallow faults [McGuire et al., 1997; Jiao et al., 2000] . Second, there is no conclusive evidence that hydrous minerals can persist at depths of deep-focus earthquakes.
Transformational Faulting
[52] Deep earthquakes are restricted to the mantle transition zone, defined by the major seismic discontinuities at about 410 and 660 km depth. This observation leaded to the speculation that these events may be related to the phase transitions that generate the discontinuities [e.g., Kirby, 1987] . On the basis of laboratory experiments, Kirby [1987] and Green and Burnley [1989] concluded that deep earthquakes are caused by the sudden transition of metastable olivine to spinel if the transformation is kinetically delayed in a cold subducting plate (transformational faulting). Realistic models of the subduction process predict a wedge-like zone for metastable olivine of approximately 5 -15 km wide, perpendicular to the subducting plate. This is the area where ''transformational earthquakes'' should occur. However, the lateral extent of the 1994 Bolivian event of 50 km Â 50 km (Table 4 ) [e.g., Estabrook and Bock, 1995] was larger than the expected seismogenic zone for transformational earthquake. Similarly, the fault size (Table 4 ) and orientation of the 1994 Fiji-Tonga earthquake were not compatible with the transformational faulting model [McGuire et al., 1997; Tibi et al., 1999] . A possible scenario that reconciles with the observed large fault dimensions is that transformational faulting may act as a triggering process which initiates the source process in the slab core, and rupture in the neighborhood may be controlled by a different mechanism [McGuire et al., 1997; Tibi et al., 1999; Tibi, 2000] . Another difficulty for the transformational faulting hypothesis is that according to a recent study, the maximum depth of olivine metastability in the Nazca plate, where the 1994 Bolivian earthquake occurred at 650 km depth, may be only $450 km, and metastable olivine can only persist to the maximum observed depths of deep earthquakes in slabs with unusually high thermal parameters, such as that for the very northern part of the Tonga subduction zone [Mosenfelder et al., 2001] . In addition, the existence of metastable olivine in slabs has not yet been conclusively proved. From travel time analysis, Iidaka and Suetsugu [1992] reported the presence of metastable olivine inside the subducting slab in northern IzuBonin. However, a similar study for the colder Fiji-Tongan subduction zone provided no conclusive evidence of a metastable olivine wedge [Koper et al., 1998 ].
Shear Instability
[53] In the deep parts of subducting lithosphere, temperatures along ''shear zone'' can increase explosively due to viscous dissipation. This explosive increase in temperature Figure 20 . Map showing the 95% confidence ellipsoid of the location for the 1991 Argentina main shock initiation (white) and termination point (red), its aftershock (green), and the background seismicity (blue). Figure 21 . Extent of rupture along slab strike and perpendicular to slab dip (slab thickness penetration) for the large deep earthquakes. Data points on the abscissa and ordinate are for events whose slab thickness penetration and rupture size along slab strike, respectively, could not be confidently resolved, and are estimated to be not more than $20 km.
causes melting and thus possibly induces slip along the shear zone, i.e., deep focus earthquake. This model known as shear instability was originally proposed by Griggs and Baker [1968] and later elaborated by Ogawa [1987] and Hobbs and Ord [1988] . Kanamori et al. [1998] suggested that after rupture is initiated by an unspecified triggering mechanism, melting may occur which overcomes the frictional forces and induces slip, resulting in large deep-focus earthquakes. This model is based on unusual characteristics of the 1994 Bolivian event (extremely low rupture velocity and seismic efficiency, and high stress drop). The low seismic efficiency for the 1994 Bolivia earthquake indicates that the source process was highly dissipative. A large amount of strain energy might have been used for heating and melt generation. Similar characteristics have been found for other South American deep earthquakes (Table 4 and Figure 22a , 22c, and 22d). In contrast, events from cold slabs like beneath Fiji-Tonga, Flores Sea and Marianas show high rupture velocity, high seismic efficiency and moderate stress drop, suggesting that extensive melting does not occur. Karato et al. [2001] suggested that the shear instability model provides an explanation for the dissipative character of earthquakes in warm slabs in that this mechanism involves significant plastic flow and therefore some of the stored energy is dissipated as heat. Shear instability depends strongly on the initial temperature [e.g., Ogawa, 1987] , and may therefore be consistent with the observed temperature dependence of deep earthquakes source properties. Wiens [2001] suggested that the difference in rupture characteristics between earthquakes in warm slabs and those in cold subducting plates may result from the fact that the temperature in warm slabs is closer to the melting point, and thus a highly dissipative thermal runway involving melt is more readily attained. Shear instability also explain the observed temperature dependence of the magnitude-frequency relations for deep earthquakes, since warm slabs would favor stress release through exceptionally large thermal runaway events, whereas colder slabs would show larger b-values [Wiens, 2001] . Another interesting aspect of the shear instability model is that it predicts fault widths of the order of 40-60 km [Karato et al., 2001] , consistent with the largest slab thickness penetration observed for deep earthquakes.
Evidence for Two Types of Deep Earthquakes in South America
[54] The estimate for the maximum seismic efficiency of 0.31 for the 1991 Argentina event (Table 4 and Figure 22d ) is about one order of magnitude higher than that derived for other South American large deep earthquakes (1963 Peruvian, 1970 Colombian, and 1994 Bolivian events) of 0.01-0.03 [Estabrook, 1999; Kanamori et al., 1998 ], but rather similar to the values determined for events in cold subduction zones [Tibi et al., 1999; Wiens, 2001] . This suggests that the 1991 Argentina earthquake was relatively less dissipative compared to other known large events from South America. This is confirmed by the high rupture velocity of 3.5 km/s determined for the Argentina earthquake (Figure 22a ), which is much larger than the rupture velocities of 1-2 km/s estimated for other South American events Kanamori et al., 1998; Estabrook, 1999] . The 1994 Bolivian event, for example, occurred in a region with no prior seismicity, and ruptured an area much larger than the slab core. In contrast, the 1991 Argentina earthquake was located in a seismically active portion of the slab, and proceeded parallel to the strike of the WadatiBenioff zone, suggesting that the focal process was probably confined in the cold slab core. One possible explanation for the difference in source properties of the South American events is that the 1991 Argentina earthquake, located in a pocket of deep seismicity within the cold slab core, generated little melting as would be the case for large deep earthquakes in cold subduction zones, whereas the ''isolated '' 1963 Peruvian, 1970 Colombian and 1994 Bolivian events are located in warm regions of the South American slab and involved significant melting.
Conclusion
[55] Using broadband data from the Global Seismograph Network, we investigated the rupture processes of eight large deep earthquakes. We completed an unprecedented data set composed of 14 largest events studied using a homogeneous methodology that allows a reasonable comparison of their source parameters. Deep earthquake ruptures show two principal types of spatial distribution. For most events, rupture occurred within a narrow region subparallel to the local strike of the seismic zone defined by the background seismicity. In contrast, the 1994 Fiji-Tonga and 1994 Bolivia earthquakes ruptured the subducting plate at a high angle, and penetrated the slab thickness by several ten of kilometers. Our study confirms earlier findings that deep earthquake source parameters vary with the thermal state of the subducting plate. Low values for rupture velocity and seismic efficiency seem to be typical for events in warm subducting slabs. However, the 23 June 1991 Argentina event shows characteristics that differ from those of other known large earthquakes in the South American slab. Of several mechanisms proposed to explain deep earthquakes, shear instability seems to fit most of the seismological observations. Therefore, it represents the most attractive model for rupture at great depths. A possible explanation for the observed difference between the source properties of the South American events could be that the 1991 Argentina earthquake, located in a seismically active region within the cold slab core, represents shear instability with little melting as would be the case for large deep earthquakes in cold subduction zones [Wiens, 2001] , whereas the 1963 Peruvian, 1970 Colombian and 1994 Bolivian events, located in relatively aseismic regions, involved significant melting.
